During the past decades, atomically thin, two-dimensional (2D) layered materials have been intriguing researchers for both fundamental study and practical applications, because of their extraordinary mechanical, thermal, electrical and optical properties, which are distinct from their counterparts in bulk materials. To realize the device demonstration based on 2D materials, some methods to produce 2D layers have been developed, such as mechanical exfoliation, solution based exfoliation, chemical vapour deposition (CVD) and so on. Among these methods, the physical bottom-up synthesis technique, namely pulsed laser deposition (PLD), routinely used for growing complex oxide thin films has been proved to be an alternative way to the most reported CVD method for obtaining ultrathin 2D layered films, because of its remarkable advantages. In this review, recent advances of preparing 2D materials by PLD are presented, including deposition processes, structure and characterization. We introduce the performance of proof-of-concept electronic or optoelectronic devices based on various kinds of 2D layers and ultrathin films grown using PLD and these include graphene, transition metal dichalcogenides, hexagonal boron nitride, gallium selenide, and black phosphorus. Some challenging issues are discussed and directions for future investigation are suggested.
Introduction
In the past few decades, the development of information technology has been following the observation known as Moore's law, which states that the number of transistors on a single computer chip will double every two years. [1] [2] [3] However, the prediction is getting closer to the end in recent years, because overheating of the electronic devices is unavoidable when more and more silicon (Si)-based circuits are integrated together into a tiny area, and the small sized transistors largely increase the manufacturing cost. [4] [5] [6] In order to solve these problems, a number of new materials have been explored to provide an alternative to Si, which could be fabricated into devices as fast as traditional Si-based electronics and also generate less heat. Two-dimensional (2D) material is one of most attractive materials which has been used for both fundamental study and practical applications over the past decade, and is regarded as a promising candidate for the next generation of electronics and optoelectronics at the 2D limit. [7] [8] [9] [10] 2D material is defined as atomically thin, layered crystalline sheets, with van der Waals (vdW) interactions between the layers. Graphene was the first 2D material to be discovered, which is composed of a single layer of sp 2 hybridized carbon atoms, showing excellent mechanical, thermal, electrical properties and high chemical stability and is still the leader out of all of the atomic sheets. 7, 8, [11] [12] [13] However, the main drawback of using graphene is the lack of an intrinsic energy band gap, which is crucial for the electronic materials used for transistor development. Thus, a fundamental problem of a graphene-based transistor is that the device remains conducting even when it is switched off. Consequently, a low on/off current ratio makes its use in digital logic devices unrealistic. This issue has motivated many researchers around world to search for other layered materials beyond graphene, which possess an energy band gap with a semiconducting nature.
To date, several groups of 2D materials, including transition metal dichalcogenides (MX 2 ; TMDs), [14] [15] [16] phosphorene, growing, arousing a technology evolution of almost everything related to energy, electronics and photonics. 6, 25 Compared to the Si routinely employed in modern electronics, 2D materials have the advantages of occupying a small space and have a smaller energy consumption. Furthermore, when the thickness of these materials is reduced to few layers, spintronics, namely the transfer process involved by electron spins rather than the flow of charge carriers, could be considered for designing some novel transistors. [26] [27] [28] Up to now, most of the work reported on 2D materials has been conducted on the basis of research laboratory fabrication and testing. To satisfy the requirement of device applications, numerous studies have focused extensively on exploring the fabrication methods capable of providing large scale, high yield and low cost ultrathin 2D nanosheets. One of the commonly used techniques in the synthesis of nanostructures is vapor deposition, which refers to the synthesis process exploiting vapor phase source materials to form solid films using condensation or chemical reactions. 29 Previous reviews on the bottom-up synthesis of 2D materials mainly refer to chemical vapor deposition (CVD). [30] [31] [32] Up to now, there has been no review providing a comprehensive coverage of physical vapor deposition (PVD) methods for making 2D materials. Therefore, in this review, a systematic overview of the recent efforts, progress, opportunities and challenges in the fabrication of 2D layered materials using pulsed laser deposition (PLD) as one of the typical PVD methods will be presented. Initially, the operation principles and scope of application of PLD will be described. After that, from Section 3 to Section 7, the advances in preparing atomically thin nanosheets using PLD will be highlighted including the synthesis process, structure and device characterization, which will be illustrated based on the different types of 2D materials. Lastly, some strategies in improving the performance of PLD grown, 2D layered films and potential research directions in the future will be discussed.
Overview of PLD for 2D films
Since the successful synthesis of high temperature superconducting yttrium barium copper oxide (YBa 2 Cu 3 O 7 ) films in an efficient and epitaxial way, 33 PLD has become one of the most widely used techniques for the deposition of complex oxide thin films, [34] [35] [36] [37] heterostructures, [38] [39] [40] [41] [42] [43] and well controlled interfaces. 44 As shown in Fig. 1b , the PLD system mainly consists of an ultrahigh vacuum chamber and a high energy pulsed laser. In principle, the mechanism of PLD includes a series of complex physical reactions. Briefly, when the focused laser beam strikes the surface of a solid target for a short time, an energetic plasma plume is formed with ions and atoms, and then collected on a pre-heated substrate placed in front of the target. Depending on the substrate temperature and other factors, a single-crystal, polycrystalline, or amorphous film can be obtained. 45 The quality of the films deposited by PLD is strongly influenced by a number of experimental parameters. For example, the parameters of the pulsed laser source (wavelength, fluence, frequency, pulse duration, and so on) have notable effects on the laser/target interaction. [46] [47] [48] In the case of an ultrashort pulse duration, such as the femtosecond (fs) laser, there is little interaction between the plume and incoming laser because the time for the plasma to be generated is longer than the pulse duration. 48 Despite the attractive features of PLD, the large droplets induced by the laser ablation have a significant negative impact on the surface morphology of the film. To minimize this effect, numerous methods have been developed, such as using off-axis geometry, 49 inserting a shadow mask, 50 or using a dense and smooth target. 51 Besides using PLD for the deposition of complex oxide thin films, it should be noted that PLD has been considered for use in the synthesis of layered 2D materials over recent years. Up to now, the main techniques used for realizing mono-or few layered nanosheets include mechanical exfoliation, 52 64 and so on, have been successfully realized by using various PVD techniques. Compared with these methods, PLD exhibits its own features and scope of application. Table 1 shows the comparison of growth conditions and material quality for 2D materials made using different fabrication techniques. Compared to CVD, the advantages of using PLD include high growth rate, low cost, good control of thickness and morphology, and low growth temperature, and it is applicable to versatile materials, especially for those with chemical active surface. In addition, it is easier to make composites using PLD, because different targets can be installed inside the chamber simultaneously. In comparison to other PVD methods (thermal evaporation, sputtering, and so on), PLD exhibits specific characteristics in two important aspects. Firstly, the synthesis is a pulsed mode, meaning that a small amount material could be grown in a few microseconds. Secondly, because of the fast and strong heating of the target, stoichiometric growth could be readily achieved by using PLD. Further to the previous brief background information on PLD, next the preparation of atomically thin layered films using PLD and their corresponding applications as a sequence of the 2D types, including graphene, TMDs, h-BN, gallium(II) selenide (GaSe), and black phosphorus (BP), will be introduced.
Graphene grown using PLD
Graphene has been made using PLD since 2005, and this is earlier than the first attempt at growth using CVD in 2009. 65 Cappelli et al. studied the influence of substrate temperature on the resultant carbon films grown using PLD from a pyrolytic graphite target. 65 The Raman spectroscopy and near-edge X-ray absorption fine structure results revealed that graphene sheets could be obtained at 900 1C, which exhibited a trend to grow along the direction of the perpendicular to the top surface of a Si substrate. Following this work, Scilletta et al. reported that the formation and texture of the graphene nanosheets could be affected by the fabrication temperature and atmosphere gas. 66 According to X-ray diffraction (XRD) results, graphene nanosheets appeared at a high temperature in vacuum. Whereas for thin films made in a helium gas atmosphere, only graphene particles were characterized, which were embedded in the amorphous carbon film. However, the thickness of the nano-graphene obtained at this stage is about a few hundreds of a nanometer thick, 67 which exceeds the scope of 2D materials.
Graphene grown on a metal substrate
Since the high quality monolayer graphene was synthesized on an iridium(111) substrate using the CVD method, 68 transition metals have become quite commonly used substrates for fabricating graphene because of their high uniformity and ease of transferring to other substrates for subsequent device fabrication. Polycrystalline cobalt and nickel (Ni) thin films are generally used because of their high carbon solubility, low cost and ease of fabrication into electronic devices. As the CVD methods require a long growth time and high temperature, researchers started to consider growing graphene on metal substrates using PLD as an alternative to CVD. [69] [70] [71] [72] [73] [74] At an early stage, Koh et al. grew graphene with a few layers (o5 layers) on Ni (600 nm)/Si substrate using PLD. 69 They studied the influence of cooling rate and laser energy on the formation and quality of the graphene layers. The schematic in Fig. 2a shows that the mechanism of graphene layer formation on a metal substrate can be illustrated by the interactions between the carbon atoms and the metal layer. 71 As the laser pulses struck the graphite target, the plasma plume was ejected which contained carbon ions which were bombarding the substrate surface and then penetrated deeply into the layer of Ni. With a higher cooling rate, the carbon species were separated from Ni film because of the decreasing solubility of carbon in Ni. The precipitated carbon atoms on the Ni surface were organized to assemble into graphene layers, and the Raman spectra shown in Fig. 2b show this. Whereas for the synthesis process with a lower cooling rate, less carbon species were precipitated on to the surface of the Ni film, resulting in more defects in the grown graphene film. According to the study, cooling rate is one of the key factors in determining the quality of graphene with few layers grown on the metal substrates using PLD. In a further study, Wang et al. reported that graphene with few layers was grown on a Ni substrate under a lower temperature, and the thickness of the film could be easily controlled by adjusting the proportion of the thickness of Ni to the carbon layers. 70 Ultrathin graphene films (less than five layers) were synthesized by decreasing the carbon proportion or increasing the initial thickness of the Ni film and the results are shown in high-resolution transmission electron microscopy (HRTEM) images (Fig. 2c) . Apart from Ni substrates, graphene was also realized on some other metal substrates. 71 Usually, in order to apply metal substrate based graphene to devices, a transfer process is required, which may induce defects to the graphene film during the process and thus influence its electronic properties. It is notable that Hemani et al. have developed a new method to grow graphene directly on silicon dioxide (SiO 2 ) substrates. 72 As a catalytic layer, a
Ni film (300 nm) was sputtered on to SiO 2 (300 nm)/Si substrate for further graphene deposition. As illustrated by scanning electron microscopy (SEM) and Raman spectroscopy, graphene was grown on both the Ni film surface and the Ni/SiO 2 interface. By etching the Ni film off, the interfacial bilayer graphene was deposited directly on to the SiO 2 /Si substrate. High quality graphene synthesized by this process has been verified using Raman mapping (Fig. 2d ) and X-ray photoelectron spectroscopy (XPS) results. A similar method was applied to grow multi-layer, textured graphene films on n-doped Si substrate. 75 For the first step, an amorphous carbon film was deposited on a Ni layer buffered Si substrate using PLD. Subsequently, the graphene was converted from the carbon film using a post-annealing process. The graphene obtained could be directly used as electrodes for electrochemical applications without needing a transfer process.
Graphene grown directly on insulating substrates
Although etching the catalytic layer can leave out the transfer process for metal substrate based graphene, the etchant may also degrade the graphene layers and eventually be detrimental to the performance of the device. Therefore, the process for direct growth of graphene film on those substrates possessing practical importance is desirable for integrating graphene into electronic devices. [76] [77] [78] [79] [80] [81] [82] Recently, by using a laser ablation method, graphene was directly grown on a Si substrate by Qian et al., with the help of a flowing argon (Ar) gas as background. 76 As shown in Fig. 3a , the Raman spectrum shows the featured peaks of few layers of graphene, and the cross-sectional transmission electron microscopy (TEM) image (Fig. 3b) confirms that the film obtained corresponds to around 10 layers of graphene. The formation of graphene on Si-based substrates strongly depends on the laser fluence. On the whole, with a laser fluence below 1.0 J cm À2 , only small carbon clusters were struck off from the highly ordered pyrolytic graphite (HOPG) target, resulting in the formation of amorphous carbon. When the laser energy as increased, graphene films were deposited using a large sheet species with a layered structure, exfoliated from the target. Because the photon energy of the laser used (532 nm) was smaller than the C-C bond energy, the laser pulses were unable to break the chemical bond of the HOPG. Therefore, the interaction between the pulsed laser and the target material can be explained by the photo-thermal process. 76 An alternative research effort has been devoted to making graphene film by using an ultraviolet (UV) pulsed laser without any catalytic materials. 78 A krypton fluoride (KrF) laser with a wavelength of 248 nm was employed to grow graphene on various Si-based substrates. Raman spectra (Fig. 3c ) and SEM images indicate the production of graphene films with high uniformity.
The mechanism of graphene formation can be explained by the bond breaking of the HOPG target induced by the photoelectronic excitation. 78 When the high energy laser pulses hit the target surface, a large amount of carbon ions and clusters might be generated and projected towards the substrate. The carbon species with a low kinetic energy would nucleate a few layers of graphene on the substrate. Furthermore, the high temperature of the substrate can assist in reducing the defects of the film, and thus the formation of a layered structure could be encouraged. As shown in Fig. 3d , the electrical resistivity increases with the enhanced laser fluence, which is an evidence of low defect density. Following on from the previous study, Kumar and Khare have reduced the graphene obtained to five layers by adjusting the growth temperature. 79 The scale and thickness of graphene can be accurately modulated by the laser fluences, substrate temperature and ablation time. [79] [80] [81] [82] As well as fabrication with laser ablation and re-condensation strategy, laser reduction is another method used to produce 2D layers. Kymakis et al. have prepared a few layer flexible and transparent graphene oxide (GO) electrodes by using a femtosecond laser to irradiate the spin coated GO film on a poly(ethylene terephthalate) substrate. 83 By considering the ultra short pulse duration of femtosecond laser, much less electron-phonon coupling is occurring during the laser pulse compared with the nanosecond laser, which results predominantly in nonthermal excitation effects. The laser reduced GO film shows high conductivity and transmittance, making it compatible to be utilized with a flexible device. Using results from recent studies performed by several research groups, the growth conditions, morphology and properties of PLD grown graphene on both metal and insulating substrates are summarized in Table 2 .
Applications of graphene grown by PLD
It is well known that the p-n junction is a basic component in many electronic and optoelectronic device applications. Recently, Kumar et al. fabricated graphene films into p-n junctions for device characterization. 84 The graphene film was deposited on SiN x /Si substrates with the background gases of Ar or nitrogen (N 2 ). For the graphene grown in Ar, the positive Seebeck coefficient measurement indicates p-type conduction ( Fig. 4a) . However, the graphene grown under an N 2 environment exhibits an n-type semiconducting behavior, which might arise from the nitrogen doping during the deposition of the film. According to the XRD and XPS results, graphene is doped by substituting carbon with nitrogen atoms. The nitrogen incorporated can also help to reduce the defects of graphene revealed by the Raman spectra. As nitrogen doping can provide extra electrons, n-type graphene shows a higher conductivity compared to the non-doped graphene film grown in Ar gas. The p-n junction diodes based on the graphene films obtained showed a diode-like, non-linear rectifying behavior ( Fig. 4b ), which was induced by the increased difference in Seebeck coefficient of p-and n-type films.
The good conductivity of graphene grown using PLD makes it promising for field emission (FE) and sensor applications. 73, 85 Few layer graphene with a sharp folded nanostructure was deposited on copper (Cu) substrates. 73 After being transferred to a SiO 2 /Si substrate, the sharp folded graphene nanoribbon shows good FE performance with a turn-on field of 1.4 V mm
À1
, because of the presence of a large number of emission sites in the sharp edges. For sensing applications, a photo-detection device based on a graphene-silicon Schottky diode was developed using laser ablation. As a result, the photo sensitivity of the PLD grown graphene/p-Si diode reached up to 380%, which is superior to that of a junction based on mechanical exfoliated graphene. 85 Furthermore, with periodic illustration of laser beam, remarkable on/off photocurrent switching and good response time were observed, indicating the potential of fast and effective photo-sensing from the graphene/p-Si diode. Because of its high adsorption capacity, graphene has been widely used in applications for environmental clean-up as well. 86 Recently, Tite et al. have applied the PLD grown graphene to detect the deltamethrin concentration in cultured human keratinocyte cells. 87 Graphene with few layers was obtained by post-annealing amorphous carbon film, which was directly deposited on an Si substrate using PLD. Gold nanoparticles were decorated on the graphene surface to improve the sensitivity. As a result, the Raman spectra feature peaks of graphene with an observably enhanced intensity in the presence of increasing deltamethrin concentrations, indicating that the insecticide can be detected at the concentration below the cytotoxic dose.
2D TMDs grown using PLD
The 2D TMDs have attracted a lot of interest because of their outstanding mechanical, thermal, optical and electrical properties, which are distinct from their corresponding bulk materials. [14] [15] [16] In recent years, MoS 2 and tungsten disulfide (WS 2 ) have been most extensively studied for both their fundamental properties and potential applications because of their considerable band gap and high carrier mobility. For the time being, the synthesis of large area uniform MoS 2 and WS 2 thin films are mainly achieved using a CVD technique. In the following part of this section, the fabrication process and applications of MoS 2 and WS 2 thin films produced using PLD as an alternative route to CVD will be reviewed.
Layered MoS 2 thin films grown using PLD
The early stages of synthesis of MoS 2 thin films employing pulsed laser can be dated back to the twentieth century. [88] [89] [90] [91] As far back as 1988, MoS 2 thin films were deposited on stainless steel substrates using PLD under a fairly low growth temperature (300 1C). 88 The films showed the same stoichiometry as the MoS 2 target. However, the internal structure of the film was unknown and the thickness was too large compared to the scope of 2D materials. Since MoS 2 was re-evaluated and realized as a new member of layered 2D materials, the ultrathin films of MoS 2 were obtained using PLD and the number of deposited layers can be controlled. 92 obtained on Ag substrates only, and the film grown can be as thin as two to three layers, which was confirmed by the crosssectional TEM image (Fig. 5b) . In contrast to graphene, the mechanism of MoS 2 deposited using PLD is complicated because two types of element atoms or clusters are generated and the sulfur species form other compounds easier by reacting with the metal substrate. When sulfur atoms arrive the surface of the Ag substrate, a layer of silver sulfide (Ag 2 S) is formed, which was verified by XPS results (Fig. 5c) , which become an excellent template for the growth of MoS 2 thin films, which is surprising when considering the infinitesimal lattice mismatch between them. With high uniformity and large grain size, the quality of few layer MoS 2 supported by an Ag substrate grown using PLD is comparable to the films grown using CVD. Whereas for other metal substrates, a native oxide layer covering the metal surface will form an energy barrier to obstruct the crystallization of MoS 2 .
Despite the metal substrates, few layer MoS 2 films were also realized on several conventional semiconductor/insulator substrates using PLD. 94 94 To obtain highly crystalline films, tetrathiomolybdate (MoS 4 ) with an optimized stoichiometry was the target, and this resulted in sulfur-rich nanosheets. The growth temperature was 700 1C, which is higher than that used for the growth on metal substrates. The layered structure and high crystallinity of the MoS 2 thin films obtained were confirmed using a cross-sectional TEM image ( Fig. 5d) and XRD, respectively. In addition, Siegel et al. have successfully grown single layer MoS 2 on a sapphire substrate, which was evident using both atomic force microscopy (AFM) images and Raman spectroscopy mapping (Fig. 5e ). 96 The photoluminescence (PL) results showed that the obtained film had a direct band gap of 1.85 eV (Fig. 5f ), which agreed with the characteristic of a monolayer MoS 2 nanosheet synthesized using other methods. Recently, highly stoichiometry mono-and few layer MoS 2 films were realized on various substrates, [sapphire, hafnium(IV) oxide (HfO 2 ), quartz and SiO 2 ] using PLD. 101 MoS 2 and S powders with an atomic ratio of 1 : 1 were used as precursor materials for the target fabrication. The results of high-resolution Rutherford backscattering confirm the stoichiometry synthesis of MoS 2 using PLD. It is important to note that this work reveals that the layer number of MoS 2 thin films can be accurately tuned by controlling the number of laser pulses.
Applications based on PLD-grown MoS 2
The previously described few layer MoS 2 materials obtained using PLD are found to possess desirable features, such as large scale, good continuity, high uniformity and fewer defects. [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] All these properties enable the MoS 2 films to be applied to a number of electronic and optoelectronic device applications. For the sample of MoS 2 grown on the W tip, the SEM image of the film surface exhibited several sharped distributed projections (Fig. 6a) , which may work as the intrinsic emitter tips. The FE measurement was conducted on the MoS 2 /W tip, showing the FE current density of up to 30 mA cm À2 prompted by the voltage of 3.8 kV. The strong FE may be explained by the enhanced local electric field biased to the tip of the projections on the film surface. In addition, good stability of the FE current was observed at 1 mA and no degradation of the emitter's performance was seen after a long measurement time. Whereas for a few layer MoS 2 grown on a Si substrate (Fig. 6b) , a 1 mA cm À2 emission current density was turned on under the electric field of 2 V mm
À1
, which is superior to the performance of MoS 2 flakes obtained using a liquid method. 103 The origin of this low turn-on voltage is ascribed to the nano-scale projections on the MoS 2 surface and the good electrical contacts between the thin films and substrates. Furthermore, the authors have measured the UV light photoresponse of a PLD grown MoS 2 film on both n and p doped Si substrates. 102 When irradiating the sample by 365 nm UV light, large photocurrents were generated, which were induced by the excitons from the interface of MoS 2 and the substrates. The rectifying behavior was also recognized from the MoS 2 /p-Si heterostructure. The similar UV photoresponse was observed from the PLD grown MoS 2 thin films supported by the flexible Kapton substrates as well (Fig. 6c) . The PLD grown MoS 2 on a UV quartz glass wafer was also developed with a saturable absorber (SA), which exploits the non-linear optical properties of MoS 2 .
97-100 A broadband SA was designed based on several narrow band-gap semiconductors, indicating that the normal MoS 2 layers do not satisfy the requirements of this application. To address this issue, PLD was employed to produce MoS 2 thin films with S defects, which were induced by the bombardment of the energetic large particles generated from the pulsed laser. 97 Fig . 6d shows the optical images of PLD grown MoS 2 thin film on a far UV quartz glass wafer. It should be noted that the growth temperature is as low as 300 1C. According to the theoretical calculation, the S defects can reduce the band gap of few layers MoS 2 from 1.08 eV to 0.08 eV, which makes it applicable for fabricating SA devices. The saturable absorption of the few layer MoS 2 obtained was measured by using a picoseconds Nd:YAG laser. The measured saturation intensity is 2.45 GW cm À2 (Fig. 6e) , which is superior to that of graphene. 104, 105 The MoS 2 thin films were then employed as the SA for the Q-switched lasers with different wavelengths, which were characterized using a digital oscilloscope. During the measurement, MoS 2 layers were not damaged by the heat generated from the pump power, resulting in the stable output while the laser was activated. Consequently, such PLD grown MoS 2 shows good saturable absorption properties, which is promising for future SA applications.
Layered WS 2 thin films grown using PLD
As indicated in the literature, wafer scale, few layer WS 2 have been deposited on various types of substrates using PLD. [106] [107] [108] [109] [110] [111] [112] Similar to MoS 2 , a thin Ag film coated Si wafers were used as substrates for the synthesis of high quality WS 2 film, because of the lattice matching Ag 2 S formation at the interface.
The laser energy was set to 100 mJ and the substrate temperature was kept at 450 1C, which were optimized to obtain a high crystalline and uniform film. Raman spectroscopy (Fig. 7a ) and HRTEM images (Fig. 7b) show the layered structure and ultrathin thickness of the WS 2 film supported by the Ag 2 S layer. Interestingly, not only the 2H-WS 2 phase, but also the 1T phase of the WS 2 nanosheet can be produced. The proportion of 1T-WS 2 in this hybrid structure can be tuned by varying the deposition time and strength of laser pulses, which can be explained by the destruction of bonds in 1T-WS 2 induced by the high energy atoms and clusters. For the PLD grown WS 2 films, it is understandable that the formation of the 1T-phase is attributed to the electron doping induced by the charge transfer from the buffered Ag layer, which has more valence electrons than tungsten, enabling it to act as the electron donor. Therefore, only the WS 2 layers near the interface show the metallic 1T phase, which is also proved by the PL measurement (Fig. 7c) . In addition, the metastable 1T-WS 2 could be transformed to the 2H phase by post annealing at 300 1C, resulting in an improvement in the crystallinity of the hybrid 1T-2H WS 2 structure. As 2H and 1T phase WS 2 possess a matching lattice structure and compatible contact, the intrinsic semiconductor-metal heterostructure exhibits a chemically uniform layer, which is important for fabricating nano-electronic devices. However, there are problems existing which includes the difficulty of removing the buffer layer without degrading the film, because of the covalent bonds formed between WS 2 and the metal sulfide layer. Thus, it should be noted that the Ag 2 S layer will play an important role for electronic devices based on PLD grown WS 2 .
Instead of employing a metal buffer layer, multi-layer WS 2 thin films were directly grown on SiO 2 (300 nm)/Si substrates using PLD, and the relevant optoelectronic devices were designed and characterized. 110 The growth chamber was maintained in a 50 Pa flowing argon atmosphere. High crystallization and uniformity of the produced WS 2 film were characterized using XRD, SEM, AFM and Raman spectroscopy. For the electronic properties, the Hall mobility of the PLD grown WS 2 films were measured to be around 31 cm 2 V À1 s À1 (Fig. 7d) , which is much larger than that of CVD grown films. 113 The performance of phototransistors based on PLD WS 2 were measured with lasers with a range of wavelength from UV to near-infrared (NIR), which all showed good reproducibility and a large photocurrent, illustrating the broadband photo-detection of the device. The optical responsivity calculated can reach a high value of 0.51 A W À1 , which is superior to that obtained for the CVD synthesis WS 2 nanosheets (Fig. 7e) . 110 Until that report was published, this value remained a record for the large scale WS 2 -based photodetectors, indicating that PLD is a powerful technique to produce high quality WS 2 thin films for optoelectronic applications.
As the quantum confinement effect of electron migration and lack of interlayer coupling, the nonlinear optical properties of 2D TMD materials are prominent compared to their bulks. 114 Similar to MoS 2 , PLD grown WS 2 was also exploited to be SAs for a dual-wavelength femtosecond soliton mode-locked fiber laser. 112 The WS 2 thin films were directly deposited onto a fiber taper using laser ablation. By using a 1550 nm pump laser, the saturation intensity and modulation depth of the SA were measured to be 20 MW cm À2 and 0.7%, respectively. The stable dual wavelength oscillation can be observed from the highly erbium-doped fiber laser equipped with PLD grown WS 2 -based SA. The widths of the laser pulses were 585 fs and 605 fs. As shown in Fig. 7f , the maximum output power of the laser was found to be 10.1 mW with a pulsed laser energy of 1.14 nJ, revealing the excellent performance of the WS 2 SA. Table 3 shows a summary of fabrication conditions, quality and optical/ electrical properties of PLD-grown TMDs on various substrates. Large scale monolayer MoS 2 /WS 2 thin films can be obtained with proper conditions and experimental setup.
Hexagonal boron nitrides layers grown using PLD
Born nitride (BN) is the crystalline compound of boron (B) and nitrogen (N) with outstanding chemical and thermal stability, which has been widely used in the high temperature equipment. 115 The most stable phase of this material is the h-BN, which has a layered structure similar to graphite. 23, [116] [117] [118] The network of each h-BN layer is composed of B and N atoms bound with strong covalent bonds, whereas the adjacent layers are held by weak vdW forces. The large band gap value (5.97 eV) is induced by the different on-site energies of the B and N atoms. As a typical insulator of 2D layered materials, the dielectric permittivity (e = 3-4) and breakdown voltage (0.7 V nm À1 ) of h-BN are superior to those of SiO 2 , suggesting that the h-BN could be integrated into electronic devices as the dielectric layer. 23 
PLD grown h-BN nanosheets on various substrates
The earlier report on PLD grown h-BN thin film is dated 1999, and the obtained film was used as a buffer layer to improve the adhesion of a cubic boron nitride film (c-BN). 119 The synthesis was assisted with the continuous bombardment of N or Ar ions to the substrate, which activated the growth of BN and improved the stoichiometric replication of the film. The obtained h-BN film shows good adhesion and a uniform interface to silicon and stainless steel substrates, respectively. However, the thickness of the synthesized h-BN film was around 100 nm, which is more likely a bulk form rather than an atomically thin 2D material. Therefore, the fabrication and properties characterization of mono-or few layer h-BN still needs further exploration. 
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Recently, ultrathin h-BN films were successfully produced by using a high repetition laser on Mo, aluminum nitride (AIN) and Si substrates. [120] [121] [122] [123] [124] [125] A high purity pyrolytic h-BN crystal with a boron to nitride atom ratio of 1.05 was used as the target.
The growth temperature showed a significant influence on the crystalline structure of BN films, in which the proportion of h-BN increases together with a decrease of the substrate temperature. [126] [127] [128] One possible reason for this is that the high temperature will increase the internal stress and thermal vibrations of the film, resulting in the phase transition to c-BN. Interestingly, the pure h-BN nanosheets can be obtained at substrate temperature of 450 1C, which is much lower than that of CVD based fabrication. The high uniformity, good crystallinity and high transparency of h-BN films were confirmed using TEM and Raman spectroscopy (Fig. 8a) . From the magnified HRTEM image (Fig. 8b) , the highly ordered honeycomb structure can be observed and the distance between B and N atoms is about 1.45 Å. The possibility of N-N and B-B bonds can also be excluded. Furthermore, different types of substrate supported h-BN film show a similar structure and morphology. Therefore, the h-BN nanosheets are formed before arriving at the substrate surface, which is evidence that the nanosheets' exfoliation was induced by laser energy from the bulk target. It should be noted that the laser induced high energy particles, molecular or clusters will bring defects and contaminations to the film surface. Sajjad et al. have shown that growth in a hydrogen (H 2 ) environment can effectively reduce the impurities of the h-BN film. 122 The interaction between plasma ions and H 2 molecules can reduce the energy of particulates in the plasma, which will weaken the side effects of sputtering. Furthermore, the H ions generated from the collision can help to etch the B-O components, resulting in high purity and defect free h-BN films.
The electrical properties of h-BN nanosheets with few layers were studied using different thicknesses and temperatures, and this revealed that the electrical conductivity of h-BN layers strongly depends on the directions of the measurements, which can be explained by the quantum confinement effect (Fig. 8c) . It showed that the electrical resistivity of h-BN sheets decreased together with the decrease of layer numbers when observed from the longitudinal direction, and the ultrathin h-BN presented metal-like properties, which had a large deviation from its bulk. Whereas the measurement temperature was increased from 25 1C to 200 1C, the conductivity of h-BN sheets with few layers was almost fixed along the longitudinal direction. Although the defect free, single crystalline h-BP with few layers were synthesized using PLD, the lateral size of each h-BN nanosheet is only a few micrometers, which resulted in the poor uniformity and morphology over large areas, limiting its applications as a dielectric layer to wafer scale graphene-based devices.
In an alternative study, Glavin et al. reported that the polycrystalline h-BN film was epitaxially grown on HOPG substrate, which had a similar lattice parameter to the h-BN crystal. 129, 130 In contrast to the previously reported experiment design, an amorphous BN bulk was used as the target in this study, and the growth temperature was raised up to 700 1C. A flowing high purity N 2 was introduced as the operation gas, which could strongly affect the composition of the film. The collisions between plasma and background gas result in high concentrations of boron ions and nitrogen. With an optimized targetsubstrate distance and background pressure, stoichiometric h-BN films possessing high uniformity can be obtained by recombining boron ions and neutral atomic nitrogen. In addition, as the collision with the background gas decelerates the plasma plume, it can help to reduce the kinetic energy of the energetic particulates, which can effectively protect the substrate from the bombardment. The results of XPS (Fig. 8d) and Raman spectroscopy indicated the stoichiometric transfer and epitaxial like growth of h-BN film. As shown in Fig. 8e , with the help of 50 mTorr background N 2 , the precise replication of chemistry of B : N (1 : 1) is observed. To characterize the electrical properties of the film obtained, conductive AFM was used. As shown in Fig. 8f , the results show good uniformity of electrical performance for the entire sample over an area of 25 mm 2 .
Therefore, novel 2D electronic devices can be devised from the PLD grown h-BN possessing the highly uniform surface and properties. Very recently, Velázquez et al. have reported the preparation of a monolayer h-BN thin film on strontium titanate (SrTiO 3 ) (001) substrates covered with a 40 nm thick Ag layer. 131 The film shows a uniform surface with a large submillimeter scale, and can be easily peeled off from the substrates using a mechanical method, which allows for further device characterization without needing a wet transfer process. Table 4 is a summary of h-BN fabrication using PLD, and lists the main deposition conditions and the quality of the asgrown films.
Applications based on h-BN grown using PLD
Some device applications from PLD grown h-BN films were realized, including field-effect transistor (FET) 132 and deep UV photoconductive detectors. 133 With similar crystal structure and good dielectric properties, h-BN is one of the promising substrates for graphene FET. 134, 135 As reported by Uddin et al.,
5 nm thick amorphous BN film was grown on a SiO 2 /Si substrate using PLD, followed by a post annealing process in a background gas of H 2 /Ar, which can reduce the dangling bond density and transfer the as-grown film to the required h-BN phase. 132 To study the electrical transport properties, graphene prepared using a conventional CVD technique was transferred onto the annealed BN films. The phase of the heterostructure was confirmed using Raman spectroscopy (Fig. 9a) . The back-gated transistor based on graphene/h-BN was characterized and showed a three-fold higher carrier mobility compared to that of a graphene/SiO 2 /Si transistor at room temperature (RT; Fig. 9b ). For 35 device measurements, the maximum hole and electron mobility obtained were 4980 and 4200 cm 2 V À1 s À1 , respectively (Fig. 9c) , which are superior to those of transistors based on graphene and h-BN grown using CVD. 134 The residual carrier concentration and average Dirac point of graphene/h-BN were reduced to one-tenth of those values of graphene transistors supported by SiO 2 , illustrating that the extrinsic doping and the charge inhomogeneity of graphene are largely decreased. Such a good electronic performance may have resulted from the diminution of the charged impurity induced Coulomb scattering and the larger phonon energy of h-BN. Besides its use as a gate insulator for graphene-based transistors, h-BN is one of the desirable materials for fabricating into a UV detector because of its large band gap and good optical properties. Aldalbahi and Feng developed and characterized a high performance UV detector based on the 2D h-BN nanosheets deposited using PLD. 133 The highly crystalline and defect free layered structure of h-BN sheets were characterised using Raman spectroscopy (Fig. 9d) , SEM and TEM. The characterization of the UV photodetector showed that the response time was as short as 0.6 ms (Fig. 9e) . The performance of the h-BN-based photodetector was highly influenced by the ambient temperature because of the thermal noise. When the processing temperature is above 200 1C, the device cannot detect the signal with an intensity of less than 0.1 mW. Based on the result, it can be concluded that the photodetector based on the PLD grown h-BN film is very sensitive to light in the UV region. However, as shown in Fig. 9f , for light with a longer wavelength, the relative quantum efficiency is largely attenuated. 142 It was found that the size, density, morphology, thickness and crystal structure of the 2D GaSe crystals were determined by the growth temperature, fabrication duration, base pressure and laser fluence. To obtain the high uniformity and precise stoichiometry thin films, a background inert gas (B1 Torr Ar) was introduced to the fabrication process, which could balance the kinetic energies of the ejected precursor plasma to benefit the nucleation of the triangular GaSe nanosheets. The flowing Ar gas at an appropriate pressure will promote the formation of GaSe nanosheets by confining the plasma plume. Nevertheless, higher Ar pressures (45 Torr) will generate larger aggregated clusters that may be detrimental to the formation of GaSe layers. According to the HRTEM images (Fig. 10a) , d-or e-type GaSe was obtained and the single crystalline structure with perfect stacking of GaSe layers can also be observed. The morphology and thickness of the GaSe nanosheets obtained were characterized using SEM, AFM and Raman spectroscopy (Fig. 10b) , showing that individual 1-3 layer, random oriented triangular GaSe flakes with a lateral scale of around 200 nm were produced under low laser pulses. Together with the increase in deposition time, the continuous film was formed by the accumulation of new nanosheets, revealing a layer-by-layer like growth strategy. The electrical properties were characterized by fabricating FET based on a PLD grown GaSe nanosheet with 20 layers. A p-type transistor feature can be observed from the transfer characteristic curve, and the FE carrier mobility and current switching ratio were measured to be 0.1 cm 2 V À1 s À1 and 10 4 , respectively, which is comparable to the same measurements obtained for GaSe thin sheets obtained using mechanical exfoliation. 143 The optoelectronic performance of the GaSe-based transistor was also characterized. The photo responsivity of the device was measured in a range of 0.4-1.4 AW À1 when illuminated with a 700 nm to 240 nm light source (Fig. 10c) , which is superior to the responsivity of a phototransistor based on PLD grown WS 2 thin films (0.51 AW À1 ) and comparable to that of the mechanical exfoliated GaSe flakes. 143 Based on the spectral responsivity value, the corresponding external quantum efficiency (EQE) can be calculated to range from 100% at 700 nm to 600% at 240 nm. These high spectral responsivities are ascribed to the midgap states induced by the grain boundaries from the polycrystallinity of the PLD grown GaSe films. Although the stoichiometry transferred and uniform 2D GaSe nanosheets were successfully produced using PLD, the average small scale (B200 nm) of the obtained triangular sheets caused by the high nucleation density hinders its real applications. To synthesize continuous layered GaSe thin films at the wafer scale, Mahjouri-Samani et al. developed a new hybrid growth technique, which combines PLD and vapor transport growth (VTG) methods, one of the popular techniques for depositing large-scale single crystal nanosheets of layered metal chalcogenides. 144 This novel technique has the advantages of both PLD and VTG, which might result in the films with accurate replication of the stoichiometry, high nucleation density, and large crystalline domains. As the first step of this method, GaSe nanosheets were grown using PLD on top of SiO 2 (300 nm)/Si substrates, as the source substrate in this experiment. To guarantee the good stoichiometric transfer of the thin films, a background Ar gas (B1 Torr) was exploited and the laser fluence was set at 1 J cm À2 . The morphology of the obtained GaSe film was mainly a large amount of nanoparticles, which were detected using the low-resolution transmission electron microscopy (LRTEM). The second step is to attach the GaSe thin film on to the surface of a new Si substrate, which is called the receiver substrate, to form a confined fabrication situation. This combined structure was heated up in an environment of 10-20 Torr background Ar gas, resulting in a temperature gradient for initiating growth. The growth temperature was set to be capable of evaporating the GaSe nanoparticles onto the receiver substrate and growth of 2D layers. A continuous monolayer GaSe film with a typical triangular appearance was confirmed from Raman spectroscopy (Fig. 10d ) and AFM images (Fig. 10e) . The maximum lateral size of the continuous film obtained can be up to 0.5 mm 2 , which is much larger than that of GaSe nanosheets grown using simple PLD. By further increasing the number of laser pulses, the individual nanosheets formed will merge into a larger and thicker continuous film as exhibited in the AFM image. Furthermore, the single crystalline, hexagonal lattice structure of the GaSe film obtained was measured using HRTEM and selected area electron diffraction (SAED; Fig. 10f ). The PLD-VTG technique was also used to synthesize large-scale monolayer MoSe 2 , 144, 145 indicating that this method is promising for fabricating a variety of binary and ternary 2D metal chalcogenide thin films.
7. Black phosphorus ultrathin films produced using PLD The discovery of BP has ignited the research interest of the scientists because of BP's unexpected properties compared with its bulk counterpart. [17] [18] [19] Combining the advantages of both graphene and MoS 2 , phosphorene exhibits a high carrier mobility and a direct intrinsic band gap (0.3-2 eV), which can be tuned by the layer number. In addition, because of the low spin-orbit coupling, BP with few layers is also desirable for investigating spin transport. 147 Until now, phosphorene can only be obtained by top-down methods, namely mechanical exfoliation and solution-based exfoliation, which only provides the small sized flakes. Because of the chemically active surface of ultrathin BP flakes, the chemically based bottom-up method has not yet been realized to produce scalable BP films. Recently, PLD has been used to grow the wafer scale BP-based ultrathin films with a highly disordered structure, called amorphous black phosphorus (a-BP), on both graphene/Cu and SiO 2 /Si substrates. 148 The a-BP thin films were deposited at processing temperature of B150 1C, which is in contrast with the harsh conditions required to synthesize BP bulk crystal. 146 Similar to phosphorene, a-BP thin films show the thickness dependent direct band gap. The chemical composition and structure were characterized using energy-dispersive X-ray spectroscopy (EDX) and Raman spectroscopy ( Fig. 11a and b) . More importantly, the FET measurement shows that the as-grown a-BP thin films show a p-type behavior and high hole mobility up to 100 cm 2 V À1 s
À1
( Fig. 11c) , which is superior to that of other commonly used elemental amorphous semiconductor thin films, such amorphous silicon (a-Si), 149 amorphous carbon (a-C) 150 or amorphous germanium (a-Ge). 151 Interestingly, as shown in Fig. 11d , the observed thickness dependent FE mobility and switching ratio of the a-BP channel is similar to the performance of phosphorene-based transistors. Because the large scale film and low processing temperature are beneficial for device applications, it is expected that such PLD grown a-BP thin films will scientifically and technologically have more attention in the future.
Conclusions and outlook
The burst of studies on 2D materials have aroused great interest in characterising the novel physical and chemical properties of the materials. In order to achieve the objective of applying these ultrathin materials to practical applications, the desirable samples should have a wafer scale with uniform morphology and the material properties required for the devices. Furthermore, it is required that the fabrication technology can provide a scale up process with acceptable throughput and easy growth conditions. The technique of PLD is appealing for the growth of 2D materials as an alternative to conventional CVD. As far as is known, this is the first review article on this emerging research field. The primary goal of this review is to systematically present an overview of experimental synthesis, characterization, and potential device applications of several typical 2D materials deposited using PLD. Previous studies indicate that main groups of 2D materials (graphene, TMDs, h-BN and GaSe) and a-BP thin films can be grown using PLD. The wafer scale layered films show high crystallinity, good adhesion and accurate replication of the material's stoichiometry, depending on the specific growth conditions, such as substrate temperature, energy density of irradiated laser on the target, background pressure and so on. Traditionally, PLD is considered as a technique for depositing conventional thin films, from mainly oxide-based compounds. Therefore, the successful growth of 2D layered materials can be regarded as broadening application scope of PLD from traditional thin film to a new platform of 2D materials. Compared to the atomically thin layers obtained by other commonly used methods, such as mechanical exfoliation, chemical and liquid exfoliation, CVD and so on, the 2D thin films prepared using PLD show the merits of good adhesion with substrates, accurate replication of stoichiometry, fast growth speed and relatively low fabrication temperature. With these features of PLD grown 2D materials, some novel 2D devices have been conceived and fabricated during the past few years. The performances of typical 2D devices, including transistors, photodetectors and SAs, are reviewed. Compared with the extensive studies on CVD grown 2D materials, it seems that the investigations on the synthesis of atomically thin layered materials using PLD have only just started. Some challenges and opportunities that exist are: (i) The fundamental processes of PLD grown 2D layers, particularly occurring within the laser produced plasmas, are not fully understood. Therefore, the growth of new 2D materials usually needs a relatively long period to optimize the deposition conditions. The problem might be addressed by combining the growth experiments with construction of applicable simulation models of PLD growth for 2D materials. Some simulations have been reported for the CVD growth of 2D materials. 152 Unfortunately, there is the lack of such a model for PLD grown 2D materials at this moment.
(ii) As previously introduced in the large scale GaSe fabrication, the hybrid techniques combining PLD with other bottom-up methods (CVD or MBE) can be considered to further improve the quality of the films and overcome some shortcomings of PLD, such as the thickness inhomogeneity, limited scale and poor continuity. This approach may provide new opportunities for PLD in the synthesis of high quality 2D materials.
(iii) Up to now, the members of the 2D material family have been extended to several hundred. However, the types of materials already attempted to be grown using PLD are very limited compared to the large number of members of the 2D material family. According to the literature review, some 2D materials are not easy to produce using either CVD technique or mechanical/liquid exfoliation; examples include the chemically active materials, e.g., silicene, or materials with a strong interlayer bonding, e.g., MXenes. Obviously, it is worth exploring the PLD growth for more types of 2D materials.
(iv) It is feasible to implement a doping strategy during the fabrication process of PLD grown 2D materials, which has not yet been attempted. The potential methods may include either intermingling the dopants to the target materials, or mixing the dopants into the background gases. Therefore, it could be a promising research direction to study the doping effects on the PLD grown 2D films in the future.
Lastly, 2D vdW based heterostructures have recently shown great promise for both fundamental study and constructing a wide range of electronic and optoelectronic devices. [153] [154] [155] [156] In the past, PLD has proven to be a powerful tool not only in depositing a single layer of thin film, but also in in situ fabricating heterostructures via sequentially rotating different targets without breaking the vacuum. Accordingly, it is believed that PLD will play an important role in making various 2D based heterostructures for device applications in the future.
